ABSTRACT: Rational design of heterogeneous electrode materials with hierarchical architecture is a potential approach to significantly improve their energy densities. Herein, we report a tailored microwave-assisted synthetic strategy to create heterogeneous hierarchical Ti 3 SiC 2 @C-containing Na 2 Ti 7 O 15 (MAX@C-NTO) composites as potential anode materials for high-performance sodium storage in a wide temperature range from 25 to 80°C. This composite delivers first reversible capacities of 230 mAh g −1 at 200 mA g −1 and 149 mAh g −1 at 3000 mA g −1 at 25°C. A high capacity of ∼93 mAh g −1 without any apparent decay even after more than 10 000 cycles is obtained at an ultrahigh current density of 10 000 mA g −1 . Moreover, both a high reversible capacity and an ultralong durable stability are achieved below 60°C for the same composites, wherein a 75.2% capacity retention (∼120 mAh g −1 at 10 000 mA g −1 ) is achieved after 3000 cycles at 60°C. To the best of our knowledge, both the sodium storage performances and the temperature tolerances outperform those of all the Ti-based sodium storage materials reported so far. The superior sodium storage performances of the as-synthesized composites are attributed to the heterogeneous core−shell architecture, which not only provides fast kinetics by high pseudocapacitance but also prolongs cycling life by preventing particle agglomeration and facilitates the transportation of electrons and sodium ions by large micro/mesopore structure. KEYWORDS: pseudocapacitance, electrode, sodium-ion batteries, MAX@C-NTO composite, high rate performance, intercalation D emands for rechargeable batteries have been increasing over the past few years due to the great number of applications in electric-powered transportation, stationary energy storage, mobile devices, and smart grids. 1 To meet the practical-economic criteria for large-scale components, sodium-ion batteries (SIBs) have been scheduled due to their beneficial aspects compared to conventional lithium-ion batteries (LIBs) such as their lower cost, abundant raw materials, and environmental friendliness. 2 More importantly, the analogous structure and reaction kinetics of SIBs to those of LIBs are particularly attractive, implying that they may be prepared by the existing setups and related battery technologies of LIBs. 3 Nevertheless, a major challenge in the SIBs is that they suffer from a lack of suitable electrode materials to reversibly store a considerable amount of large Na ions (1.02 Å) in a fast and stable manner. 4, 5 Conventional anode materials such as graphite and Si for SIBs show inferior insertion/extraction kinetics with Na ions, 6, 7 resulting in a low capacity and a poor cyclability, as well as inferior rate capability. Alternatives such as organic materials, 8 metal alloys, and metal oxides have been considered to improve sodium storage performances. 9−12 However, the electrical conductivity and the cycle performance of the organic materials need to be further improved before their applications. Large volume fluctuations and sluggish kinetics of alloys restrict their cyclability. 2, 13 Intrinsic conductivity of metal oxides is still not satisfactory for longterm running of large-scale energy storage devices, especially at high charge−discharge rates.
In addition, akin to LIBs, operation of SIBs over a wide temperature range is crucial for their industrial applications in various fields. Unfortunately, the performance of SIBs at high temperatures has hardly been considered in contrast to the improvement of capacity and cyclability at room temperature. When SIBs work at high temperatures, movement of Na ions in both the electrolyte and the active material is faster than that at room temperature.
14 Additionally, the liquid electrolyte is more likely to decompose at the interface between the electrolyte and the electrode around the decomposition potential of the electrolyte, 15 which may lead to a rapid exhaustion of electrolyte, an aggregation of Na-hosting materials, and a dramatic degradation of cycle performance. Moreover, although some electrode materials display large capacity and good cyclability, their performances at high temperatures are still unsatisfactory. 16 Hence, a special structural architecture in electrodes with high electrochemical performance in a wide temperature range is desirable for Na storage.
To surpass the limitations of existing electrode materials for NIBs, an electrode with a heterogeneous hierarchical architecture ( Figure 1 ) has been developed, using a MAX as the conductive medium for electrochemical active material. The MAX phase represents a family of compounds with the chemical composition of M n+1 AX n (n = 1, 2, 3), where M stands for an early transition metal, A is assigned to the elements of group IIIA or IVA, and X refers to the C or N component. The MAX phase exhibits higher conductivity (∼10 3 S/cm) than that of graphite (∼10 −1 S/cm). 17, 18 Furthermore, nanosized active materials, for example, titanate, with high capacity can be formed on the surface of the residue MAX phase by in situ phase transformation, 19−21 thus reducing the interface barrier between the MAX phase and the active material. The architecture we have developed in this work has two advantages. First, the residual MAX phase forms an interconnected network after rolling the electrodes, offering excellent electron transport properties and hindering the aggregation of nanosized active materials. Second, the nanosized active material on the MAX surface has a porous structure, thus facilitating rapid ion transport and mitigating diffusion limitations throughout the entire electrode. 22 This rationally designed composite electrode with compositional and structural superiorities produces interpenetrating electron and ion transport paths that enable inspiring sodium storage performances at high charge−discharge rates at both room temperature and elevated temperatures.
We have used a typical MAX (Ti 3 SiC 2 ) as a model system to fabricate a heterogeneous Ti 3 SiC 2 @C-containing Na 2 Ti 7 O 15 (MAX@C-NTO) composite, wherein the Ti 3 SiC 2 in situ transforms into nanosheet C-containing Na 2 Ti 7 O 15 on the surface of the MAX after a microwave-hydrothermal treatment. This composite delivers a high rate capacity and an enhanced cycle stability as an anode for SIBs. A capacity of ∼93 mA h g −1 is retained without apparent fading at 25°C, even after more than 10 000 cycles at a rate of 10 000 mA g −1 . More importantly, it offers good high-temperature properties (25− 80°C). For example, a 75.2% capacity retention (∼120 mA h g ) is attained at a rate of 10 000 mA g −1 after 3000 cycles at 60°C.
RESULTS AND DISCUSSION
Morphological Features of Heterogeneous Composites. According to the heat-pressure sintering method for Ti 3 AlC 2 reported previously by our group, 23 a precursor of Ti 3 SiC 2 (TSC, one of typical MAX materials, Figure S1a−c) powders with a dimension of ∼3 μm has been prepared by a high-pressure sintering method. Subsequently, some particles Figure 1 . Reaction process and experimental parameters for synthesis of heterogeneous MAX@C-NTO composites. Differing from quasisingle contact and single contact, the multicontacts would provide not only more ions/electrons transfer channels but also higher effective Na intercalation/extraction sites, accounting for good electrochemical performances.
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Article with urchin-like morphology are observed ( Figure S1d ) with the help of the microwave reaction between the precursor and NaOH solutions (the detailed procedure is described in the Methods section) followed by annealing under the protection of pure Ar gas at 450°C for 2 h. The X-ray diffraction (XRD) patterns of the as-sintered samples (Figure 2a ) are mostly indexed to be the TSC phase (JCPDF No. 74-0310), with some minor TiC peaks (∼2 wt %, JCPDF No. that are formed during the sintering process. 17 Taking into account the low concentration and the weak chemical reaction activity of TiC, the effect of TiC on the electrochemical performance is neglected throughout the following discussion. 19 As a result, the precursor after the microwave reaction in NaOH solutions followed by annealing is mainly composed of Ti 3 SiC 2 and Na 2 Ti 7 O 15 (denoted as NTO, JCPDF No. 76-1648) phases. The concentration of the NTO phase is ∼40 wt % based on both the inductively coupled plasma (ICP) and the energy dispersive X-ray spectrometry (EDX) analysis results (Tables S1 and S2), similar to that of samples fabricated by the hydrothermal reaction method. 19 The morphology of the urchin-like products has been investigated in detail by field-emission scanning electron microscopy (FESEM) and transmission electron microscopy (TEM). Urchin-like particles covered with nanoscale fibers are observed (Figure 2b) . Additionally, the cross-linked nanofibers form a large number of micro/mesopores (Figure 2c ), which can be further confirmed by the nitrogen adsorption− desorption measurement. The TEM image (Figure 2c ) reveals a great number of nanofiber arrays on the surface of the TSC, forming a typical core−shell heterogeneous composite. The dimension of the TSC cores is 300 ± 50 nm. The length and width of the exterior layer nanofibers (NTO) are ∼220 and 
Article ∼10 nm, respectively. The high-resolution transmission electron microscopy (HRTEM) image (Figure 2d ) exhibits an interface between NTO and TSC. The selected area electron diffraction (SAED) pattern shows the core is composed of both NTO and TSC (Figure 2e ), and the shell consists of NTO (Figure 2f ), suggesting the formation of a core−shell structure. In addition, low-loss and core-loss of electron energy loss spectroscopy (EELS) in Figure 2g ,h show that the core is mainly composed of Ti (5.9, 38.6, 46.9, and 469 eV), Si (104 eV), and C (23.8 and 283 eV), which is consistent with the SAED pattern. In contrast, the Si peak is eliminated in the shell, and it contains a C peak besides Na, Ti, and O (532 eV). It demonstrates that the Si layer is removed. Although the Ccontaining concentration and the sites where C atoms hold remain unclear owing to the interference of the C-containing matrix, the occurrence of C-containing concentration in the NTO compound is confirmed. This reaction is also evidenced by the improved conductivity of the NTO compound, as shown in the following section. The thermal gravimetric analysis and XRD pattern suggest that this composite shows high thermal stability ( Figure S2a ). Although it is prone to adsorb water molecules at low temperatures (below 150°C), the main phase composition remains invariable. When the temperature is higher than 350°C, the TSC core is continuously oxidized. 24 To interpret the formation process of the core−shell MAX@ C-NTO, the morphology evolution is monitored at different NaOH concentrations and reaction times. Below 0.1 M almost no NTO phase is formed due to the slow reaction kinetics ( Figure S3 ). The most suitable NaOH concentration to form the core−shell structure is ∼2.0 M, above which (∼5.0 M) will result in the rapid coarsening of the NTO ( Figure S4a . Coulombic efficiency remains 82.6% after 10 000 cycles.
Article NTO bars are observed with further increasing the reaction time.
The TSC has a high conductivity but low Li and Na storage capacity. 19, 25 On the contrary, the NTO has a high capacity, yet its conductivity is low. 26−30 Therefore, the NaOH concentration and the reaction time are very important to control the formation of the core−shell structure with an optimal capacity and conductivity by tailoring the phase fraction of the TSC and the NTO phases. The effect of reaction time on both the NTO concentration and the conductivity of the composites has been investigated (Figure 2i ). At the initial reaction process, the NTO concentration is increased with an increasing incubation time, and it changes from ∼25 wt % (10 min) to ∼40 wt % (30 min). By further increasing the incubation time, the concentration of the NTO phase only slightly increases, and then it remains at a constant value around 44 wt %. In comparison, the effect of the incubation time on the conductivity is complex. Specifically, the conductivity of the pristine TSC powder (t = 0) is ∼0.9 × 10 3 S/cm, slightly lower than that of the previously reported value of the bulk material. 17 With increasing the reaction time to 30 min, the conductivity decreases, down to ∼0.2 S/cm. A sharp reduction in the conductivity is observed with a further increase in the incubation time, probably due to the aggregation and coarsening of the NTO ( Figure S4h ). It is interesting to note that the sample after reacting with 5.0 M NaOH solutions for 30 min shows the highest NTO concentration of ∼91 wt % ( Figure S6a) , with the conductivity being ∼3.5 × 10 −3 S/cm. It demonstrates that the fraction of the NTO phase in the heterogeneous composite is critical to tailoring the conductivity. Compared with the conductivity of the pure NTO (10 −4 −10 −6 S/cm), the value of the 91 wt % NTO is significantly improved, implying that it is partially attributed to the C-containing concentration induced during the reaction process. In consideration of the amount of C-containing NTO and the conductivity of the composite, a reaction time of 30 min is desirable, in which a core−shell MAX@C-NTO with a ∼40 wt % C-containing NTO and high conductivity is achieved. This trend is similar to the hydrothermal-prepared MAX@K 2 Ti 8 O 17 composite that we reported previously. (Figure 3a) , which are related to the Na-ion insertion/extraction processes. 31 Comparatively, a pair of weak redox peaks at 1.12/1.25 V can be assigned to the reversible reaction of Ti 3+ /Ti 4+ . 31 Irrespective of the carbon contents, the C-NTO30 electrode exhibits a large capacity on the first discharge process, approaching 600 mAh g −1 ( Figure  3b) . However, the initial charge capacity is only ∼227 mAh g −1 , corresponding to a Coulombic efficiency (CE) of 39%, which is also suggested by the large void between the first cycle and the second cycle in the initial CV curves ( Figure S7) . Attractively, the CE can be improved from 39% to 90% after a simple presodiation process by contacting the electrode and the Na metal filled in the electrolyte for 5 min (Figure 3b) . Therefore, all the following tests have been performed after treatment.
Previous testing results confirm that the capacity contribution from the TSC compound (∼10 mAh g . Coulombic efficiency remains 75.2% after 3000 cycles.
Article V (Figure 3c and Figure S8a ,b) reveal a reversible intercalation reaction.
12,15 These Ti-based compounds usually exhibit several plateaus during the Li/Na ion intercalation−extraction process. 19 The rapid capacity decay in the first cycles can be generally attributed to the accompanying decomposition of electrolyte and the formation of a solid−electrolyte interfacial (SEI) film.
9,18
The C-NTO30 sample delivers an initial discharge capacity of 230 mAh g −1 , much higher than ∼170 and ∼140 mAh g −1 for the C-NTO10 and the C-NTO60 samples, respectively. During the subsequent cycling, the discharge capacity of the C-NTO30 sample remains stable, and it only reduces to ∼200 mAh g −1 after 200 cycles. Similar trends are detected for the C-NTO10 and C-NTO60 samples with capacities of ∼150 and ∼125 mAh g −1 at the 200th cycle, respectively (Figure 3d) . Notably, the energy storage capacity of the nanostructured anodes adopted intercalation reaction mechanisms with large surface area which often exceeded their theoretical value (Na 2 Ti 7 O 15 , ∼64 mAh g −1 ). 32 This is due to (i) the reversible decomposition of the electrolyte associated with the formation of an SEI layer and (ii) the extra Na + adsorption−desorption on the SEI corresponding to interfacial storage. 33 The rate capability plays a crucial role in developing Na storage materials. The first discharge−charge curves of the three samples under different current rates from 200 to 10 000 mA g −1 have been investigated (Figure 3e and Figure S8c,d ). The C-NTO30 sample delivers reversible capacities of 230, 189, 165, 149, and 128 mAh g −1 at current rates of 200, 500, 1000, 3000, and 6000 mA g −1 , respectively. Notably, a high capacity of more than 110 mAh g −1 is delivered even at an extremely high current density of 10 000 mA g −1 . For the C-NTO10 and the C-NTO60 samples, the corresponding capacities at the same current rate are lower than that of the C-NTO30. To further probe the extraordinary rate capability, three electrodes are cycled 10 times at each current rate ( Figure  3f ). All of them show similar trends. Regardless of the rapid change in current density, the capacity level remains stable at each rate. Specifically, the values at high current rates are more stable than those at low current rates. Moreover, a reversible capacity of ∼93 mAh g −1 at 10 000 mA g −1 is retained without any appreciable capacity decay (82.6% capacity retention) even after more than 10 000 cycles (Figure 3g ), higher than those of the C-NTO10 and C-NTO60 counterparts ( Figure S9 ) and almost all other high-performance Ti-based materials at high rates reported so far (Table S3) .
Na Storage Properties at Elevated Temperatures. To extend the SIB applications and test their safety, Na storage properties of the C-NTO30 electrode at 40, 60, and 80°C (denoted as C-NTO30-40°C, C-NTO30-60°C, C-NTO30-80°C
) have been investigated (Figures 4 and Figures S10 and S11). The similar electrochemical behaviors are detected in the temperature range of 40−80°C. Basically, the initial capacity is increased and the cycle stability is reduced with increasing the temperature due to the increased diffusivity of Na ions and electrolyte activity. For example, the initial specific capacity of the C-NTO30 at 60°C increases to ∼1.28 times as high as that of the battery operated at 25°C (Figure 4b) . By increasing the cycle number, the capacity contributed by 0.02/0.08 V in the redox pair was sharply reduced (Figure 4a ). Thus, this pair might be related to the reaction between the active material and the electrolyte, although the corresponding chemical reaction is uncertain due to the complication of SEI. Additionally, analogous to the batteries tested at 25°C, the discharge capacity at the first cycle with a current density of 200 mA g (Figure 4b and Figure S10 ).
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Owing to the easy decomposition of the electrolyte and the instability of the SEI, the rate performance at high temperatures becomes one of the most critical issues in the field of battery applications. Principally, the C-NTO30 sample exhibits similar trends at both 25 and 60°C. Compared with those under different rates at 25°C, the first specific discharge capacity of the C-NTO30 sample at 60°C (C-NTO30-60°C) is enhanced correspondingly. Moreover, the cell that is cycled 10 times at each current rate also retains a stable capacity at each rate. Finally, a specific capacity of 222 mAh g −1 has been attained when the current density returns back to the initial value of 200 mA g −1 after 60 cycles, indicating this material has a high electrochemical reversibility (Figure 4d) . Accidentally, for the C-NTO30 sample, a reversible capacity of ∼120 mA h g −1 at 10 000 mA g −1 is retained without any appreciable capacity decay even after more than 3000 cycles at 60°C. The high capacity retentions are achieved at elevated temperatures (Figure 4e and Figure S11 ), wherein the values are 81.5% (10 000 cycles, at 40°C), 75.2% (3000 cycles, at 60°C), and 59.5% (1000 cycles, at 80°C), respectively. To the best of our knowledge, a combination of ultrahigh rate performance and ultralong cycle lifetime with good capacity retention at elevated temperatures has been achieved, and an average fading percentage per cycle outperforms those of anode materials for both LIBs and SIBs at high temperatures (Table S4) .
Kinetics of Na Intercalation. Compared with pure NTO or NTO-based composites, both the capacity and rate performance of the presodiated C-NTO samples have been significantly improved. To interpret the superior capacity and outstanding rate performance, the pseudocapacitances of the heterogeneous C-NTO30 sample at 25 and 60°C have been analyzed by CV techniques. 34, 35 The C-NTO30 sample ( Figure  5a ) at 25°C displays similar CV curves with broad peaks during both cathodic and anodic processes at various sweep rates ranging from 0.1 to 100 mV s . According to the relationship between the measured peak current (i) and the scan rate (v) displayed in eq 1:
12,35,36
where a is a constant and b can be determined by the slope of the log(v)−log(i) plots. A b-value of 0.5 represents that the current is controlled by semi-infinite linear diffusion; a value of 1 indicates that the current is a surface-capacitive-controlled process.
As shown in Figure 5b Similar phenomena are also observed in T-Nb 2 O 5 oxide electrodes. 37 The rate capability of the C-NTO30 is mainly determined by an increase in the ohmic contribution and/or diffusion constraint upon a fast scan rate. Based on the classical Trasatt's method, 34 the plot of capacity versus v
demonstrates that the capacity does not vary significantly as the scan rate increases within the range of 0.1−1.5 mV s −1 (Figure 5c ). Thus, the total capacitive contribution at a certain scan rate is calculated by separating the specific capacity contribution from the capacitive and diffusion-controlled charges at a fixed voltage. 35 As shown in Figure 5d , quantitative calculation results show that the capacitive ratio is gradually improved by increasing the scan rate, reaching a maximum value of 83.1% at 1.5 mV s −1 . By comparison, a similar trend is detected for the C-NTO30 sample at 60°C. The existence of high Na intercalation pseudocapacitance (the max value of 78.9%, Figure 5d and Figure S12 ) accounts for the ultrahigh rate performance.
In addition, the relationship between kinetics and the electrochemical performance is also measured by electrochemical impedance spectroscopy (EIS). Nyquist plots ( Figure  S13 ) of the different C-NTO electrodes after activation in frequencies over the range of 100 kHz to 0.1 Hz show the same feature of a depressed semicircle at high frequency (chargetransfer resistance, R ct ), and a linear part at low frequency (Warburg impedance, Z w ). The smallest R ct for the C-NTO10 (Table S5) confirms that the high rate performance is related to the core−shell heterogeneous structure, in which the residue TSC provides a convenient channel for electron transfer. With increasing the temperature, both the R ct and Z w are reduced, indicating the electrons and ions can readily penetrate through the SEI layer.
14 Mechanism of Na Storage. From the shape of the charge−discharge curves and the large irreversible capacity in the initial cycle, we infer that the electrochemical reaction of MAX@C-NTO belongs to the intercalation reaction mechanisms. To follow the structural changes during sodiation and desodiation, ex situ XRD measurement as a function of the state-of-charge/discharge has been carried out (Figure 6a −c, wherein points 1−3 are assigned to the intercalation process and points 4 and 5 are assigned to the extraction process). There are no additional peaks associated with other types of structures that can be observed during cycling, indicating that no other phase is formed during cycling. 38 Specifically, on discharge (sodiation), the original C-NTO30 heterogeneous structure is maintained up to the cutoff voltage of 0.01 V. Indeed, the HRTEM results (Figure 6d) show that there is a slight change in the lattice spacing after the sodiated process (∼0.72 nm, at point 2) compared to the pristine C-NTO30 (∼0.63 nm). Comparatively, at point 3 (0.01 V), the XRD peaks corresponding to the NTO become slightly broadened (Figure 6c ) and the lattice spacing changes to 1.02 nm (Figure  6e) , releasing a reversible capacity of ∼225 mAh g . This process mainly relates to the insertion of a large Na ion into the NTO host. After desodiation, the XRD peaks of the NTO shift toward the large angle direction, indicating the contraction of lattice spacing, 39 which can be further confirmed by the HRTEM (Figure 6f, ∼0.82 nm) . In addition, the surface of the electrode materials is covered by a separated SEI film after 10 cycles (Figure 6g ). Note that both the thin SEI film and the structure of the NTO remain well even after 5000 cycles (Figure 6h) . Similar results are also confirmed for the C-NTO30 at 60°C ( Figure S14 ). It is believed that the stable long-term cycling performance of C-NTO30 is associated with the formation of a thin and uniform SEI film. The good elevated properties are related to the prohibition of particle aggregation ( Figure S15 ). 
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To analyze the composition changes of the SEI layer, ex situ X-ray photoelectron spectroscopy (XPS) measurements have been performed for the C-NTO30 and C-NTO30-60°C samples at different cycles ( Figure 7 and Figure S16 ). The C 1s and the F 1s spectra at different cycles are compared. The C−C peak in Figure 7a is assigned to the TSC, and the C−OH peak is related to the adhered additive. The Na 2 CO 3 peak is detected even after 1 cycle (Figure 7a ), revealing the formation of an SEI layer via electrolyte (fluoroethylene carbonate, FEC) decomposition illustrated by eq 2:
14,40
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Analogous to that of LIBs, the volume variation during the Na + insertion and extraction processes hinders the SEI structure integrity, and thus the formed Na 2 CO 3 seems to be located underneath the SEI layer. In contrast, a high Na x ClO y F z (Figure 7b ) peak after 2000 cycles suggests that the decomposition of FEC occurs. Thus, the similar morphology and intensity of the Na 2 CO 3 peak show the SEI film is very stable, and the reduced capacity might be related to the decomposition products from NaClO 4 during the cycling process. 41 Similar peak variations are found for the C-NTO30-60°C electrode, due to the same reaction mechanism. Comparatively, the increased Na x ClO y F z peak intensity indicates that a more serious decomposition of FEC occurred during the cycling process at elevated temperature.
Finally, the capacity and rate performance are also affected by the specific surface area and pore-size distribution of the heterogeneous materials. Compared with pristine TSC and other C-NTO samples, the C-NTO30 sample has the largest BET surface areas of ∼49.5 m 2 g −1 ( Figure S17 ), which could bestow more adsorbtion sites for Na + storage. In turn, although a high concentration of the NTO can be attained in C-NTO60, the elimination of 1.8−1.9 nm pores reduces not only the volume-adsorbed value but also the capacity. Therefore, the enhanced capacity and kinetics of the C-NTO30 in a wide temperature range are related to high pseudocapacitance, a stable and thin SEI film, and large micro/mesopore structure.
CONCLUSION
In summary, a heterogeneous Ti 3 SiC 2 @ C-containing Na 2 Ti 7 O 15 (MAX@C-NTO) composite prepared by microwave-assisted alkaline treatment of a MAX (Ti 3 SiC 2 ) precursor has been reported. The electrical conductivity and the concentration of the C-containing Na 2 Ti 7 O 15 for MAX@C-NTO can be rationally tailored by controlling the NaOH concentration and the reaction time. The synthesized MAX@ C-NTO composites show excellent sodium storage performances in a wide temperature range (25−80°C) in terms of high reversible capacity, long cycle stability, and high rate capability. A capacity of ∼93 mA h g −1 is retained without apparent capacity fading at 25°C, even after more than 10 000 cycles at a high rate of 10 000 mA g −1
. More attractively, a high capacity retention is attained at an ultrahigh rate of 10 000 mA g −1 at elevated temperatures. This heterogeneous architecture has shown several advantages in SIBs including the uniform distribution of conductive materials, the facilitation of electron and sodium ion transportation in interlinked nanofibers, and the depression of active material aggregation. This MAX@C-NTO composite with innovative compositional and structural advantages provides an effective strategy to synthesize other sodium/lithium-hosting materials with large capacity and temperature tolerance.
METHODS
Microwave-Assisted Synthesis of Ti 3 SiC 2 @C-NTO. All analytical-grade chemicals and raw materials were used as received. In a typical experiment, Ti 3 SiC 2 was synthesized by a high-pressure sintering method (1 GPa, 1500−1700°C) using commercial Ti (99.5% purity, 325 mesh, Aladdin Reagent), Si (99.9% purity, 40−200 mesh, Aladdin Reagent), and C (99.5% purity, 2−4 μm, Aladdin Reagent) as starting materials, which was similar to that reported in our previous work. 19, 23, 42 Then, Ti 3 SiC 2 (1.0 g) was added into 50 mL of a 0.1−5 M NaOH aqueous solution. After vigorous stirring for 30 min, the resultant dispersion was then transferred to a 100 mL Teflonlined high-strength shell (polyether ether ketone) autoclave. A microwave system (MS, XH-8000, Beijing XiangHu Science and Technology Development Co., Ltd., China) equipped with in situ magnetic stirring was used to heat the autoclave. The mixture was heated to 120°C within 8 min with a power of 500 W and subsequently to 160°C at a heating rate of 10°C/min. Then, the temperature was increased to 200°C using a ramp rate of 8°C/min and kept for 5−60 min with a power of 600 W. After the microwave reaction, the reaction product was centrifuged at 3500 rpm three times using DI water and absolute ethyl alcohol. The suspension was freezedried under vacuum overnight on a freeze-dryer (FD-1A-80, Beijing Boyikang Laboratory Instrument Co. Ltd.). Then, the targeted C-NTO powsers were obtained by annealing the freeze-dried samples under the protection of pure Ar gas at 450°C for 2 h.
Material Characterization. XRD patterns were collected on a Rigaku D/Max-2500 diffractometer using a filtered Cu Kα radiation at a sweep rate of 2°/min from 5 to 50°. The accelerating voltage and current were 40 kV and 200 mA, respectively. Ex situ XRD samples of the charge−discharge C-NTO anodes were rinsed with propylene carbonate solution and dried under vacuum at room temperature for 12 h. To obtain the morphologies and elemental compositions of C-NTO, a scanning electron microscopy (SEM) was conducted with a Hitachi S-4800 equipped with an energy dispersive X-ray detector spectrometer (Horiba, EMAX). According to our previous method, 19 the concentrations of Na 2 Ti 7 O 15 , TiC, and Ti 3 SiC 2 were determined. TEM images and EELS analysis were observed on a Titan ETEM G2 at 300 kV. ICP (ICAP 6300 Thermo Scientific) was used to analyze the concentrations of the elements (Ti, Si, K) of the obtained samples. A H7756 four-point probe was used to determine the electrical conductivity of the obtained samples. Thermogravimetric analysis (TGA) was conducted on a thermal analysis instrument (Netzsch STA449C, Germany) in air at a heating rate of 10°C/min. The surface areas and pore size distribution of the samples were performed on a Micrometrics ASAP2020 analyzer at −196°C (77 K). XPS was conducted on a ThermoFisher X-ray photoelectron spectrometer with Al Kα (1486.71 eV) X-ray radiation (15 kV and 10 mA). The binding energies obtained in the XPS analysis were corrected by referencing the C 1s peak position (284.40 eV) and the F 1s peak position (684.51 eV).
14 Electrochemistry Testing. The working electrodes were prepared by dispersing the 80 wt % active materials (C-NTO), 10 wt % acetylene carbon black, and 10 wt % sodium alginate (NaAlg) in an appropriate amount of distilled water. The resultant slurry was coated on the aluminum foil substrate using an automatic film applicator and dried under vacuum at 110°C for 12 h. To obtain electrodes of a wellconnected structure and high tap density, the prepared electrodes were rolled on a rolling machine (MSK-2150, Shenzhen Kejing Materials Technology Co., LTD, China). Coin-type cells (CR 2032) were assembled in a high-purity argon-filled glovebox with the moisture and oxygen level below 0.1 ppm and tested at 25, 40, 60, and 80°C, respectively. The temperature was controlled by a programmable box (GDJS-100, Beijing YaShiLin Testing Equipment Co., Ltd., China). Sodium foil was used as the counter and reference electrodes. The electrolyte was made of 1.0 M NaClO 4 in an ethylene carbonate and
ACS Nano
Article propylene carbonate solution at 1:1 volume ratio, with 5 wt % addition of FEC. The separator was a glass fiber filter (GF/D, Whatman).
Galvanostatic charge−discharge tests were performed over a voltage range of 0.01−2.5 V (vs Na + /Na) using a battery measurement system (Land CT2001A). CV measurements were conducted on a Biologic VMP3 electrochemical workstation at a sweep rate of 0.1−100 mV s −1 at 25 and 60°C, respectively. EIS characterization was carried out on a BioLogic VMP3 system with the typical frequency range from 100 kHz to 0.1 Hz by applying the applied ac voltage of 5 mV at 25 and 60°C, respectively.
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